OBJECTIVE: A quantitative analysis of intraoperative cortical shift and deformation has been performed to gain a better understanding of the nature and extent of this problem and the resultant loss of spatial accuracy in surgical procedures co-registered to preoperative imaging studies.
Introduction
The potential loss of spatial validity from intraoperative displacement and deformation of the brain during surgical procedures co-registered to preoperative imaging studies has long been recognized. Various techniques have been adopted to minimize this source of error, such as positioning of the craniotomy in the horizontal plane, avoidance of intraoperative osmotics, attention to sites most vulnerable to displacement early in the procedure, and even the placement of radio-opaque beads within the tissue to enable tracking of such deformation over the course of surgery. Although surgeons have generally considered the magnitude of intraoperative brain shift sufficiently small to not unduly compromise the value of computer-aided navigational assistance, more recent interest in the issue and potential solutions have prompted further investigation in an attempt to better understand the nature and extent of this phenomenon.
Investigations to date on the extent of brain shift have been relatively few. Kelly and colleagues described the placement of a series of 1 mm stainless steel balls at 5 mm intervals along the surgeon's viewline at the beginning of surgery and then in the event of the detection of subsequent shift by AP and lateral teleradiographs translated the position of the tumor volume within the computer image matrix appropriately (5, 6) . Quantitative analysis of the extent of shift detected was not part of that experience. Koivukangas and colleagues (7) have used intraoperative ultrasound in conjunction with co-registered preoperative imaging studies, and in a preliminary report Bucholz and colleagues measured displacement in a variety of both deep and more superficial structures during surgery and documented a variable amount of brain movement (Intracranial frameless stereotaxis: principles and techniques. Oral presentation at the 65th Annual Meeting of the American Association of Neurological Surgeons, Denver, April 14, 1997) . Others have recognized the potential advantages of intraoperative ultrasound in this context, but again report very little in the way of quantitative information on brain motion (2) .
A reasonable strategy to account for intraoperative brain movement is to monitor the locations of a number of brain features during surgery and use information about their displacement to modify the preoperative data set accordingly. In the simplest instance of a translated and rotated but undeformed brain, tracking of just three points would completely account for any movement (analogous to algorithms used to compute image-space to surgical-space transformations). Monitoring the movement of additional points would provide both improved accuracy through redundancy and might enable compensation for brain deformation as well. Interpolating the displacements of voxels between monitored locations would enable retention of the higher resolution preoperative data set. In the extreme, all preoperative points may be monitored, as in the case of intraoperative CT (10) (11) (12) or MRI scanning (14, 16, 19) , although the cost of this approach makes it prohibitive for most centers.
The goal of this study has been to quantify and characterize intraoperative movement and deformation of the cortical surface during a variety of clinical surgeries. While displacement of deeper structures is recognized as critical, emphasis has been placed on the cortical surface in this initial quantitative analysis as high resolution monitoring of a large number of surface features is not only possible but reasonably straightforward. Clearly, intraoperative ultrasound is a readily available, low cost vehicle for probing the subsurface in order to measure brain movement at depth, but its relatively poor contrast resolution and the absence of comparable preoperative information have limited the extent to which the subsurface can be mapped in detail with ultrasound. The cortical surface, on the other hand, provides an excellent starting point for quantifying the extent of brain motion that occurs during typical surgeries because it is directly visible. Once surface motion has been carefully quantified, the equally important but more demanding problem of tracking deeper structures can benefit from that experience and information.
Materials and Methods

Clinical Cases
This study, approved by the IRB (Institutional Review Board) for the protection of human subjects, involves analysis of data collected during 28 operative cases performed between January and April 1997. Patients (12 males and 15 females, with 2 surgeries on one female patient) ranged in age from 19 to 78 years (47 ± 19 years). A variety of surgical procedures were evaluated and have been categorized as tumor resection (17) , seizure focus resection (6), subdural grid placement for evaluation of seizure disorder (2), anterior corpus callosal section (1), microvascular decompression (1), and cranioplasty (1) . Different regions of the brain were involved and included the frontal lobe (10), temporal lobe (13), parieto-occipital lobes (4), and posterior fossa (1) . All procedures were performed under general anesthesia with head fixation using a Mayfield clamp and the operating microscope under robotic control (see below). The maximum diameter of the dural opening ranged from 1.5 cm to 7.5 cm. Clinical information on type of surgery, positioning, craniotomy size, location, and orientation are recorded in Table 1 . Craniotomy orientation was determined by estimating the angle between a line normal to the plane described by the opening and the vertical direction.
Surface Data Acquisition
At the core of our data acquisition methodology is the SurgiScope stereotactic system (Elekta AB, Stockholm) which integrates a Leica operating microscope (Model M695, Leica USA, Rockleigh NJ) with a robotic platform spatially co-registered with imaging studies. This configuration provides a number of precision tracking features, including the capabilities of (i) supplying continuous readout of microscope location and orientation, (ii) memorizing a given microscope location (and orientation) and later returning to the recorded position, and (iii) positioning of a pair of laser beams within the optics of the microscope which are convergent at the microscope's focal point. Figure 1 shows a photograph of the operating microscope attached to the ceiling-mounted robotic platform within the operating room. In addition to the coordinate space information that can be obtained from the SurgiScope, we also exploit images obtained from a video camera (Model DXC-107, Sony Medical Systems, Montvale, NJ) and digital camera (Model DC200, Eastman Kodak Corp. Rochester NY) mechanically and optically coupled to the operating microscope. The two cameras cover the field-of-view (fov) of the microscope. Due to the greater optical magnification of the digital camera, its fov is 36.7 mm by 24 mm in the focal plane, whereas the video camera has a larger fov corresponding roughly to that of the microscope, 65.8 mm by 52.3 mm in the focal plane at lowest magnification. Both cameras? fovs are approximately centered on the microscope?s focal point which is visible to the user as a cross-hair, but which is not visible in the acquired camera images. Although the microscope?s focal distance is selectable, a focal distance of 300 mm has been used for all of the procedures in this study.
Data for analysis of cortical displacement and deformation has been acquired in two ways. The first (Study I) consisted of obtaining the three-dimensional coordinates of the cortical points using the SurgiScope system. Following the image acquisition step described later, the focal point of the operating microscope was sequentially positioned on three to five distinct and recognizable cortical features, such as arterial or venous branch points. Positioning of the focal point was facilitated by the pair of laser beams within the optics of the microscope that are convergent at the point of interest. At each of the identified cortical locations, the six parameters (three coordinates and three angles) that uniquely define the microscope's position at any given time were recorded. In addition, a point on the skull near the craniotomy was similarly digitized in15 cases. Prior to dural closure, and in a subset of cases at several times during the procedure, these same points were again digitized in the same manner. As the three angles of the microscope's position (set using the memorization function) were kept constant for all of these measurements, the relative locations of all digitized points were readily determined from the recorded Cartesian coordinates. In this manner, the translation in three dimensions of multiple points was determinable within the accuracy of the robotic system.
The second method of assessment (Study II) also used the SurgiScope system. Video images of 592 by 471 pixels were recorded on a personal computer (PC) using a video acquisition board (miroMOTION DC30, Miro Computer Products, Palo Alto, CA). Digital images of 1524 by 1012 pixels were acquired using the same PC and Photoshop software (Adobe Systems Inc. Mountain View, CA) via a digital link between the digital camera and the computer. Baseline video and digital images were acquired nearly simultaneously, shortly after the dura had been opened, with the focal point of the microscope aimed at the cortical surface in the approximate center of view of the exposures. At the time of initial image acquisition with both the video and digital cameras, the microscope's position was memorized using the system. Prior to closure of the dura, and in some cases at up to four times during the procedure, time and surgery permitting, the microscope was returned to the same memorized position and video and digital images again recorded. All images obtained during a surgical procedure were stored on the PC's hard disk for subsequent analysis. This technique provided multiple co-registered image views taken from the same location and perspective at the beginning, during, and at the close of surgery. In the case of the digital camera we obtained high-resolution, small field-of-view scenes of a portion of the cortical surface while the video frames supplied lower-resolution, wider-angle pictures of the complete operating field.
Image pairs taken prior to, during, and after surgery were analyzed manually using image processing software (Adobe Photoshop) by selecting features which appeared in both images. Only one pair of images per surgery was used but multiple points were tracked in any given image pair. Typically a minimum of five cortical and one fixed features were selected, but the numbers varied depending on the specifics of the images used. A total of 142 points were tracked in this manner and categorized as 87 cortical and 55 fixed features.
The displacement of each point from its initial to its final position was computed assuming that the image pairs were taken from exactly the same point of view. Distances of motion were computed based on the pixel displacement and the pixel size as determined by test pictures containing a ruler. Either video frames or high resolution digital photographs were used since every before and after image pair was recorded in both forms and the scene size and resolution differed, making the two complementary.
Data Analysis
As a result of our data acquisition methods, surface information is available to us in the form of either surface feature point coordinates or images of the operating field. For ease of presentation and reference, we have organized the data along these lines into (i) Study I which consists of feature tracking in three dimensions based on coordinate positions determined by the microscope when it is focused on the target of interest and (ii) Study II which represents surface displacement analysis (two dimensional) extracted from the co-registered image sequences obtained from the digital and video cameras of the operating field.
Analysis of the data in Study I is straightforward and amounts to determining differences in the recorded microscope position coordinates for each feature during the course of each procedure. It is important to recognize that in Study I we have fully three-dimensional data as the microscope position is registered in 3D-space and depth-of-field is obtained through proper laser beam focus on the particular feature under study.
Study II contains more information on the cortical surface as a whole since it is based on digital images which in effect supply a continuous field of points that represent the surface at any particular instant; however, the data are largely two-dimensional. Translations observable in the plane of the pictures correspond to the projections of the three-dimensional shifts that have occurred. This approach will consistently underestimate the magnitude of any displacement observed because of the loss of the dimension orthogonal to the plane of the images. The advantage of this method over the truly three-dimensional tracking obtained in Study I is that we can reconstruct the displacement of any recognizable feature in the image, not just a single point, thus giving us a better view of the deformations taking place.
We also performed a number of statistical tests on the displacement data to examine the relationships between displacement and the type of surgery, the size and orientation of the cranial opening, the region of the brain exposed, the use osmotic drugs and whether CSF drainage was performed during surgery. Using groupings of the data into these categories of interest, we performed t-tests on the null hypothesis of equal means making no assumptions on the variance. All tests were based on a 95% confidence interval (p=0.05). These tests were all computed on a spreadsheet program using the data analysis package (Microsoft Excel, Microsoft Corp. Redmond WA).
Error Analysis
We have evaluated a number of the potential sources of error in the data collection and analysis. In terms of the OR procedures there are several potentially corrupting influences in our cortical surface measurements including (i) microscope positioning errors, (ii) laser beam focusing errors, (iii) patient motion, and (iv) misidentification of surface features. We have performed a number of experiments both on phantoms and in clinical cases in order to quantify these effects on the data. Table 2 presents a summary of these methodological errors, which have ranged from 0.2 to 2.1 mm.
The SurgiScope uses a dual system of self-sensing in which angular encoders in its joints are augmented by a linear CCD array digitizing system which tracks a set of LEDs attached to the microscope. The position of the end effector (the LEDs) is used to correct the overall attitude of the microscope. The encoder-based locating method is used for recording and returning to selected positions (memorization of a point function), while the LED based system is used for correlation of microscope position with the imaging data. In order to gauge the accuracy of the microscope memorization and positioning functions, we have monitored the internal consistency of the robotic platform return feature by recording the displayed coordinates every time we returned to a recorded point during our clinical experiments. In 28 cases, based on 106 sets of recorded coordinates, we have found the maximum coordinate position error to be 0.5 mm with the overall average being 0.19 mm ± 0.08 mm. These numbers represent the reported coordinate changes based on the robotic stand?s own position encoders. They do not take into account any sag or link expansion that may have taken place, although these may be assumed to be similar when returning to the same position and orientation. It is therefore important to understand that this constitutes more a measure of self-consistency than of accuracy.
We have also performed a number of controlled phantom studies where we have characterized microscope performance under a variety of conditions. In one series of experiments, we focused the microscope on a fixed point on a test target with known dimensions and moved the robotic platform. We used this configuration to characterize the return feature by focusing on an etched marking on the test setup and photographing the scene, moving the microscope, then returning to the original position. We made sure to move the microscope in all its degrees of freedom before using the memorization function to return to the reference position. From the photographs we were able to compute the distance between the focal spot designated by the laser dot and the etched marking. Again, it is important to note that this experiment consists of a 2D projection of the 3D errors in the return feature. We have found that the error thus measured was 0.8 ±0.3 mm (n=11). We used the same test device to measure the accuracy of the reported data by focusing on different features in the construction (corners), recording the data, and then comparing the differences with the known geometry of the phantom. This constituted a 3D characterization of the errors in the data displayed, independent of the return feature. We found this type of error to be 0.3 ±0.05 mm (n=9).
Focusing the microscope is achieved by matching the location of two laser dots in the visual field. The two dots come from two separate beams propagating through each of the binocular paths of the microscope. At the focal plane, the two dots overlap exactly, while they can be seen as separate dots out of this plane. The region in which they overlap has some depth and contributes to the focusing error. We assessed the focusing system by moving the scope along its optical axis over the range in which the two laser dots appear to the user to be overlapping. Clearly, the focusing error is operator dependent, but our studies show that the range over which an operator can move the scope and still perceive the target position in focus is ±1.15 mm above or below the focal plane in the direction of the optical axis. These are worst case values, obtained by deliberately defocusing the microscope. At these distances, the two dots although still visible as one dot appear as an oval. An experienced operator maintains this focusing error within ±0.5 mm by keeping the laser spot as small as possible.
To assess inadvertent patient motion during the course of surgery, we have tracked certain features within the operating field which are fixed relative to procedurally-induced tissue motion. In particular, we have tracked points on the skull near the craniotomy using the methodology of both Study I and Study II. Analysis of the motion of these points, using the techniques described above show that average motion is 2.07 ± 1.21 mm with the maximum motion being 3.35 mm for all skull points in all cases, using data from Study I. Similarly, from the data of Study II we have an average motion of 1.1 ± 0.76 mm. Errors of this type may be attributable to motion or sagging of the operating table and the Mayfield clamp during the procedure or to movement of the skull relative to the Mayfield clamp. The SurgiScope detects displacements of reference LEDs attached to the Mayfield clamp and LED-based functions account for these in the transformation linking the surgical field and the imaging studies. The memorization function, on the other hand, is based on the robot?s encoders and is referenced to a fixed coordinate system. This means that if a point is recorded using the memorization function prior to this displacement, it will not be corrected. This will result in errors in our data as this part of the analysis is based on the robot?s coordinate system. Misidentification of targeted points at a later time during surgery is an error that is difficult to assess. As a consistency check, both the surgeon and an observer agreed to the surface feature in question before microscope coordinates were accepted into the database. In some instances, features easily identified at the start of surgery were either no longer to be found or no longer identifiable at the close of surgery.
Whenever features were either not identifiable or disputed, they were not used in the study. Most features consisted of vessel junctions which were readily visible and usually uniquely shaped so that they were easily identifiable, even after undergoing some distortion. Points located on the bony edge of the opening were easily identifiable and reliable because they corresponded to a sharp angle in the opening?s edge or they were designated by a marking placed there by the surgeon using electrocautery.
Results
Study I: Overall Landmark (3D) Displacement
Study I is based on 14 operative cases where a total of 60 individual points have been tracked representing 49 cortical and 11 fixed landmarks. The results are listed in Table 3 and are given in terms of the differences between final and initial coordinates. The minimum, maximum and average values presented correspond to the magnitude of the displacements. We have also tabulated the average Cartesian components of the displacements observed in a fixed reference frame relative to the operating room where the z-coordinate is the vertical direction. It should be noted that these directional averages are smaller than the overall displacement magnitude average because, unlike magnitudes which are always positive (absolute) values, directional components can cancel. From the table it can be seen that with both cortical and fixed features, the most consistent component of displacement is in the z direction, which in the robotic arm coordinate system corresponds to the direction of gravity (i.e. +z points down). Another important observation is that the displacement in cortical features is nearly one order of magnitude greater than that of fixed references. The fact that the greatest displacement for fixed points is in the z direction supports the hypothesis that progressive sagging of the patient support system, the operating table and the Mayfield clamp, probably accounts for most of the displacement measured for fixed reference points, although a small fraction may be due to other errors in our experimental procedure (Table 2) . Our data also demonstrate that the brain will move on the order of 1 cm due to gravity alone, probably as a consequence of settling caused by the displacement of cerebrospinal fluid and the resulting loss of buoyancy. Figure 2 presents a typical before and after sequence of images taken when the microscope is focused on a landmark of interest. This example illustrates the tracking of a cortical vessel junction within the operating field. While the images are two dimensional, in the feature-tracking instance (i.e. Study I) the recorded data are three-dimensional. In both images the feature being tracked is in the same location with respect to the picture?s frame but the coordinates recorded for the focal point in each picture differ by 17.8 mm. It can also be seen that features around the edge of the operating field have moved with respect to the focal point, confirming the fact that motion has taken place.
Study II: Overall Image (2D) Findings
The results for Study II, comprising 16 cases, are shown in Table 4 . As in Study I, it is again readily apparent that displacement is greater for the cortical features. Here, the difference in the magnitudes is not as large as in the 3D analysis of Study I (where an order of magnitude difference is observed), but cortical features do move approximately 3 times more than fixed landmarks, on average. Figure 3 illustrates the methodology used in Study II. The first frame (a) is focused on a specific vessel junction. A second picture was taken approximately an hour and a half later from the same point of view and the same vessel junction has now shifted by approximately 6.1 mm. In spite of any change in the appearance of the vasculature, several points are easily recognized on both pictures. In addition to the feature which was the focus in the first picture, 4 more points at various vessel junctions are identified with numbers.
It should be noted that in this part of the study we do not have an explicit association between the direction of gravity and the coordinates (x and y) in the pictures. In the analysis performed here, the x direction extends to the right from the top left corner while the y direction extends downward from the same corner. From Table 4 , we can see that the average of the y components of displacement was 3 times greater than the average x component. The angles at which the pictures were acquired were such that in the majority of cases the y direction in the image coordinates was closest to the direction of gravity which is the z direction in the robotic support?s coordinate system. This indicates that, again as in Study I, most of the displacement is taking place along the direction of gravity.
Type of Surgery
We have conducted statistical tests on the data in terms of the type of surgery to determine if this is a significant factor that influenced the magnitude of displacements observed. This analysis was based on the Study I data (3D shifts) and used only cortical points. Forty-nine points were included from Study I (1 to 6 points recorded per case). For this analysis each point constitutes a single observation, even though multiple observations may come from the same cases. We have grouped the observations into several categories pertaining to the nature of the procedure. These were: tumor resection, electrode placement, hippocampectomy, and seizure focus resection. In addition, we created a broader category including all procedures in which some amount of tissue was resected. Some of the observations were included in more than one category because of the overlap existing in these definitions. For example, some of the seizure focus resections corresponded to tumor resections as well. For each of the categories defined, we tabulated the displacement data in two groups: data from cases in that category (e.g. tumor resection) and data from all other cases. On these tables we performed t-tests of the null hypothesis of equal means while assuming unequal variances and using a 95% confidence interval. Table 5 summarizes the results of these statistical tests. For tumor and cortical seizure focus resections we must accept the hypothesis of equal means which indicates that there is no statistical evidence that more or less displacement has occurred in these two types of procedures than in all the rest of the procedures as a group. Conversely, in the group consisting of tissue resection compared to the rest we must reject that hypothesis (11.2 vs. 2.9 mm). This is also true for the case of electrode placement and hippocampectomy. From the means listed in Table 5 , we can see that for the hippocampectomies displacement was significantly larger (16.1 vs. 9.8 mm) while for electrode placement procedures it was significantly smaller (3.3 vs. 11.1 mm).
Craniotomy: Size and Orientation
To determine possible relationships between the size and orientation of craniotomies and the measured displacements, we conducted regression analyses on our data. Since craniotomies are randomly shaped, we used their longest and shortest cross-sections which were recorded at the time of the procedure and computed the area of the equivalent ellipse. The craniotomy areas ranged from 1.77 cm2 to 29.5 cm2, averaging 11.9 ± 7.9 cm2. For each case in which we had sufficient data, we averaged the displacements measured in the 3D study (Study I) and, separately, in the image-based study (Study II, listed in Table  3 ). We then computed a regression on the opening size against the average displacement for that case, the resulting coefficient of correlation (r2) being a measure of how closely the two variables are related. This analysis was performed for both brain and skull-based points. Table 6 indicates that there is no meaningful correlation between the opening size and the observed displacements for any of the four categories.
We conducted a similar regression analysis to see if the inclination of the cranial opening with respect to the vertical had an effect. Here, we defined the inclination by estimating the deviation of a vector normal to the opening from the vertical. The inclination of the opening ranged from 0° (horizontal opening) to 80° (nearly vertical) and was on average 29 ± 25°. Again, we found no evidence of a correlation between the displacements observed and the angle of the opening, as shown in Table 7 .
Location
We performed another series of t-tests on the data after grouping it by the lobe in which surgery was performed to see if the location of the surgery had an effect on the amount of displacement observed. The same method of 95% confidence interval, null hypothesis of equal means and no assumption of equal variances was used. Using the 3D displacement data from Study I, we divided all of the measured displacements into categories designated by the lobe affected. More than one measurement may have come from a single patient. Our data included 20 right temporal, 7 left temporal, 6 right frontal, 6 left frontal, 4 right parietal, 2 left occipital, and 1 interhemispheric measurement for a total of 49 observations. For each of these groups, we performed t-tests comparing them to all the rest of the observations. We found that for all locations except two there was no statistical evidence of different means in the measured displacements (see Table 8 ). The two exceptions were the left frontal (p=0.027) and the interhemispheric groups (p=1.8x10-4).
Other Factors
Another aspect of the procedures we wished to examine for effect on the measured displacement was the use of osmotic drugs (mannitol) or procedures that included intentional CSF drainage. Using the data from Study I, we divided measurements into two groups of cases, one for which we had recorded that either mannitol was administered (five cases) or CSF was deliberately drained from the surgical field at the time of dural opening (one case). The test group consisted of nine observations from these six cases, while the other group consisted of 40 observations from the other cases. We tested the two groups for the null hypothesis of equal means and no assumption of equal variances, using the t-test for a 95% confidence interval. We found that we could not reject the null hypothesis and that therefore the means are equal with a p-value of 0.443. This indicates that our data contains no statistically significant effect of using mannitol or intentional CSF drainage on the measured displacements in the cases studied to date.
The last factor whose influence on displacement we wanted to analyze was time. Our method of data acquisition consisted of recording a baseline set of pictures and coordinates following exposure, and then repeating the process at the end of the procedure. In several cases we were able to record data at multiple intervals of roughly 30 minutes, conditions permitting. In all cases the time of data acquisition was recorded. For this analysis, we used the data in Study I (cortical points only) and tabulated observations (49 total) with the time elapsed since the baseline data acquisition. The range of elapsed times spanned 26 to 176 minutes with an average of 108 ± 42 minutes. The range of displacements observed is listed in Table 3 . We performed a regression analysis on these data and found a coefficient of correlation (r2) of 0.237, which indicates a very weak correlation. We repeated the analysis using the directional components (x, y & z) of displacement and found that the z component exhibits the most correlation with time although it is also weak. The r2 values were: 0.003 for x, 6E-4 for y and 0.215 for z, indicating that over time the x and y components do not exhibit any consistent change on average, whereas the z component is time dependent, although weakly so, statistically. This weak correlation over time may indicate that any deformation that takes place occurs relatively early on during the procedure and does not continue to progress over time.
Discussion
A number of important observations emerge from these results. Both Study I and Study II are consistent and show that the cortical surface moves as much as 1 cm on average relative to control points whose motions are on the order of 1-2 mm which is within the demonstrated accuracy of our data acquisition methodology. Further, intraoperative movement of the brain is found to be greatest along the downward axis regardless of head position. This is consistent with gravity playing a dominant role in the settling due to unintentional CSF drainage or soft tissue removal during surgery. Given this pattern of displacement, the strategy of positioning the head such that the craniotomy is superior and horizontal serves primarily to minimize lateral shift but does not necessarily (nor in our experience significantly) reduce vertical motion. The degree of surface shift was also unaffected by the size of the craniotomy which is consistent with the inadvertent loss of CSF playing an important role in brain displacement. Interestingly, however, our data reveals no statistically significant effect of using mannitol or deliberate CSF drainage on the measured displacements which is counterintuitive and may reflect inadequate numbers of sample observations or that by the time the measurements were made the addition of mannitol or extra CSF removal had no more effect than that normally (and likely more slowly) resulting from gravity. This hypothesis is supported in part by the weak correlation of displacement with time. On average, the data was collected 108 minutes into the procedure and by this time whether mannitol (or deliberate CSF drainage) was administered or not cannot be differentiated from an overall gravitational effect.
Although analysis of displacement failed in this study to demonstrate correlation with a number of variables affecting surgical technique, there are several suggestive relationships pertaining to the type of surgical procedure undertaken and the area of intervention within the brain. In particular, electrode placement procedures have mean displacements which are statistically significantly smaller than those observed during tumor resection suggesting that the increased invasiveness of a resection translates into greater cortical surface motion. Statistical evidence for different means in the measured displacements was also found in the left frontal lobe and interhemispheric groups compared to those involving other regions of the brain. We have no strong argument to rationalize these lobe-dependent results except to say that the correlations are generally weak and based on small sample sizes. Given the relatively small number of observations in some of the groups, we did not attempt to perform a multivariate analysis to determine which effects had the most influence.
The present study has quantified movement of cortical surface features but does not include assessment of shifts and deformations below the pial surface. That the movement of such deep structure is not as great as that of superficial landmarks is intuitive, although quantitative measurement of both absolute and relative displacement of deeper structures has been limited to the preliminary observations of Bucholz and colleagues using ultrasound co-registered to preoperative MRI (Intracranial frameless stereotaxis: principles and techniques. Oral presentation at the 65th Annual Meeting of the American Association of Neurological Surgeons, Denver, April 14, 1997) . The data and methods presented here should not only complement subsurface motion analysis but also provide a framework from which to pursue and interpret quantitative analysis of deep tissue movement that will necessarily be more difficult to obtain.
With respect to the implications of this study on operative strategies to minimize problems arising from intraoperative brain movement and deformation, the findings support the need to maintain an awareness of potential errors resulting from misregistration during the course of surgery. Reliance on stereotactic guidance early in a procedure and prior to extensive CSF drainage, ventricular entry, cyst evacuation or tissue resection remains appropriate. Re-registering during surgery using features that may at least in part reflect movement may help, but only derivation of non-rigid body transformations relating preoperative imaging to the surgical field can address the issue of deformation. One interesting approach is to estimate subsurface movement from measured surface motion using elastic deformation models of brain tissue (13) . Surface displacements such as those measured in this work could potentially serve as boundary conditions for such a deformation model. Intraoperative CT and/or MR imaging, when available, may provide sufficiently updated information (10) (11) (12) 14, 16, 19) . Given available computer resources and the increasing sophistication of registration algorithms, however, it may be possible to monitor and correct for intraoperative brain displacement using less expensive ultrasound (1, 4, 8, 9, 17, 18) or even surface tracking (3, 15) , and thus enable updating of the more highly resolved, better signal-to-noise preoperative images.
Conclusions
Cortical surface motion has been quantified in 28 operative cases using both feature tracking and image analysis methods. The results demonstrate a 1 cm mean displacement with the largest component in the direction of gravity. Sources of measurement error have been carefully examined and found to be small (Å 1-2 mm) relative to the overall tissue motion that has been recorded. The amount of movement was not found to correlate with the position, orientation or size of cranial opening. Nor was the degree of shift strongly related to the type of surgery, the lobe involved or the use of osmotic agents. A number of these correlations are nearly significant and will require additional observations to be confirmed in a more significant manner. The amount of shift observed was correlated with the invasiveness of surgery (resection versus no resection), and there is an overall weak correlation with time whereby displacement increases with increasing time suggesting that critical navigational decisions be made early in a procedure when possible. Subsurface motion can be anticipated to be smaller and awaits further study. Nonetheless, the findings reported here represent the first detailed, quantitative assessment of cortical surface motion and provide a foundation for subsequent study of the movement of deep cortical structures during surgery.
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